Iron and chromium were reduced from chromium spinel at 1300 ∘ С and 1400 ∘ С during 1 and 4 hours. The reduction was carried out with carbon or CO gas in one experiment simultaneously for six samples of three different types of ore. It was established that under these conditions, the CO gas neither reduces chromium nor iron from complex chromium spinel, whereas solid carbon reduces iron and chromium completely. In the mixture of solid reagents at the initial stage of reduction with solid carbon, the carbide shell was formed on the surface of carbon and oxide, accurately reproducing the surface topography of the particles. The formation of the shell indicated a countertransfer of the oxide substance to the surface of carbon and carbon substance to the surface of the oxide through the gas phase. The shell retarded and stopped the reduction process, however, when the shell substance was melted and drained, the reduction process continued. The same shell, but from the Fe-Cr non-carbon alloy, was formed on the surface of the single spinel crystals interspersed in a large volume of magnesium-silicate matrix. The results of the experiments were explained from the standpoint of the theory of the electron reduction mechanism developed by the authors with the formation of plasma in the gas gaps and its participation in the contactless electron-ion exchange between solid reagents.
Introduction
In chromium types of ore, iron and chromium are found in oxide spinels of the (Me 2+ )
[Me 3+ ] 2 O 4 2− type along with cations of other metals, mostly magnesium and aluminum [1] [2] [3] . Due to the equality of charges and proximity of the ionic radii, NIOKR-2018 + Si 4+ are possible. Such a substitution is also possible with the Ti 4+ cation, as well as dissolution of manganese, potassium and sodium cations in spinel [4, 5] . Depending on the genesis of chromium ore, the composition of spinel can be quite complex with a wide range of concentrations of various cations. Thereby, in the production of carbon ferrochromium the cations of interest; iron and chromium, are in the same crystal lattice with other cations, including those which cannot be reduced under conditions of the metal production: magnesium, aluminum, silicon, titanium, potassium and sodium, occupying tetrahedral and octahedral sites in the most dense anion (oxygen) package. In addition, iron often presents in a certain amount in the crystalline lattice of silicate cementing phases. During solid-phase reduction in the upper zones of the ferroalloy furnace and prereduction outside the furnace, the goal is to extract iron and chromium cations from the complex chrome spinellid oxide and iron cations from the silicate phases.
The value of the solid-phase reduction processes increases due to expanding practice of prereduction, when the ore material is mixed with a solid reducing agent, heated to temperature of 1300... 1500 ∘ C and held for 2... 3 hours. As a result, the reduction degree of iron reaches 90% and chromium 50%, accordingly, that reduces the electricity consumption of ferroalloy furnace during smelting of ferrochrome [6] . In recent years the attempts have been made to use natural gas instead of solid reducing agents for prereduction of metals from chromite ore [7] [8] [9] . But at the same time, the solid pyrocarbon is also formed as a result of the methane pyrolysis, and it serves as a solid reducing agent as well [7, 8] .
Objectives and Experimental Methodology
The research was aimed to clarify the mechanism of metal reduction by carbon and formation of carbides in complex oxides of solid chromium types of ore. At the same time, it was proceeded from the well-known position of physical chemistry, stating that it is necessary to find out "... the mechanism of the motion of reacting molecules and electrons which perform an act of the chemical reaction" [10] . To clarify the reduction mechanism, the conditions were created for the direct and indirect reduction of iron and chromium from natural complex oxides -the chromespinelid of the two types of chromite ore with different ratios of chromium and iron in spinel and spinel crystals embedded in a dunite magnesium silicate rock (see Table 1 ).
The reduction experiments were carried out in a closed furnace with a graphite heating element (Figure 1 ), which ensured that the reduction atmosphere in the furnace was CO. 6 corundum crucibles with 3 oxide materials were installed inside the furnace; one sample of each material had contact with powder of a solid reducing agent (graphite), and another could only interact with CO gas. The furnace was heated to temperature of 1300 ∘ C or 1400 ∘ C and held for 1... 4 hours.
The results of the experiments are presented in Figure 2 . In the samples of both types of chromite ore reduced by CO atmosphere, iron was partially reduced only in the cementing silicate phase of the chromite crystals. At the same time, in a mixture with solid carbon, iron and chromium in the spinels of both types of chromite ore were NIOKR-2018 completely reduced. A different ratio of chromium and iron contents in spinelid did not lead to any visible difference in the results of reduction.
It is worth to note formation of the shell on the surface of oxides and graphite in the mixture of solid chromite with solid carbon-containing material, which ideally repeats the surface of the particles (Figure 3 ). On the oxide surface, this is a mixture of carbides Me 23 C 6 , Me 7 C 3 and Me 3 C 2 , whereas on the surface of graphite it is only carbide Me 3 C 2 .
Such a shell cannot be the result of contact interaction of solid phases. Its formation indicates the transfer of carbon monoxide to the surface, and chromium and iron to the surface of graphite through the gas phase.
The formation of the closed shell of the reaction products on the surface of the reactants, firstly indicates the mutual transfer of one agent to the surface of another, and, secondly, it indicates the equal accessibility of this surface to both reactants. For their appearance, it is needed that carbon would transfer to the oxide surface, and the reducing metals to the surface of the reducing agent; the transfer to the all points of the surface should approximately occur at the same rate. In addition, the same shell, consisting of a carbon-free alloy of chromium with iron, also formed on the surface of chromite crystals interspersed in a solid silicate matrix NIOKR-2018 of dunite in its mixture with a solid reducing agent (Figure 3(c) ). Contrary, there were no signs of reduction of chromium or iron in the spinelid of dunite only exposed to the reducing atmosphere of CO gas (Figure 2(h) ). Therefore, the reduction of chromium or iron by solid carbon in the impregnated spinelid crystals located far from the surface of possible carbon contact with oxide, especially the formation of the shell that accurately reproduces the surface of the disseminated crystal, cannot be explained by the participation of reducing gas CO. Consequently, under these experimental conditions, the oxide surface should have been supplied through the gas phase; this is evidenced by the equal accessibility of the entire oxide surface, carbon and electrons. The contact of solid particles of carbon and oxide could provide them, but could not provide a uniform supply to the entire surface.
However, there is no need for direct contact of solid phases. This is due to the fact that a low-temperature plasma consisting of electrons, ions, molecules, and their associations is formed at the temperature of reduction near the surface of the solid phases [15] . The initial impulse to the plasma formation is thermionic emission of electrons from the carbon surface, quantitatively described by the Richardson-Dashman formula:
where A is a coefficient depending on the state of the surface, Ф is electron work function and k is the Boltzmann constant [15] [16] [17] [18] . The emitter of the free electrons is precisely carbon, as reducing agent has a weaker connection of external electrons with the atomic nucleus in comparison with oxides; the work function is less.
As a result of plasma formation, the charged particles, particularly C 2+ and O 2− , acquire the ability to interact at a considerable distance. Carbon is also transferred to the surface of the oxide and fragments of the crystal lattice of oxides to the surface of carbon particles through plasma (Figure 4) , that leads to formation of carbide shell on the surface of the reactants. The formation of carbide shell worsens the surface of the reagents, retards and stops the reduction process. The measures to overcome the negative effect of carbide shell on the solid-phase reduction process have been studied earlier in other works [19] [20] [21] .
In particular, the destruction of the shell is achieved by the temperature increase to the level when the mixture of carbides on the surface of the oxide is melted and collected in droplets [20] . The destruction of the shell makes it possible to reduce metal completely inside the solid residues of the oxide phase, as it can be seen in Figures 2(c) and (e).
The retarding effect of the shell can also be eliminated by preventing their formation,
